Abstract-Soft actuation, due to its mechanical properties offer a complex motion that is not achievable for traditional mechanism. Thanks to that property it is often considered for bio-mimicking devices as many leaving creatures move by complex and distributed deformation. In this paper we propose a novel soft fluidical actuator designed to be used as a biomimicking tentacle in swimming octopus robot. The actuator has two degrees of freedom that enables bending in some range of directions and inherits the actuation effectiveness of single degree of freedom actuators while still able to control two of them. The actuator has been tested in terms of generated forces and motion capabilities and shows significant improvement regarding the state of the art actuators capable of completing the assumed task. The actuator enables the octopus robot to advance forward, change swimming directions and rotate around its primary axis. The paper presents the design, fabrication process and experimental verification of the proposed solution.
I. INTRODUCTION

A. Motivation
The actuator described in this paper has been designed in order to give an octopus robot the arms that are able to bend in some range of directions and to exert a significant force on the fluid that surrounds the robot in order to generate a sufficient amount of thrust. The expected bending motion has to be controlled in terms of curvature and bending plane direction. The octopus robot is presented in fig. 1 and has been described in more detail in [1] .
B. Survey on bending actuators
The bending deformation is one of the commonly used motion types in soft robotics. Many designs are based on the this kind of motion deploying various types of actuators. Those actuators can be classified due to the working principle and medium such as actuators powered by pressure [2] , [3] tendon driven [4] , temperature driven [5] or mixed [6] . In this work we consider the pressure based fluidical actuators, but even within this group some different actuation principles can be distinguished. First working principle is the bending due to unsymmetrical actuation [7] - [9] . In such case the structure of the actuator makes the acting forces to accumulate on some area of the device. This area elongates or shrinks more than the other side and consequently the device bends. It is worth noting that the pressure acting in the chambers can also reach negative values. An example of actuator working in negative range are vacuum actuators [9] , [10] . The bending motion can be also caused by non-uniform rigidity [11] - [13] . In such case one side of the actuator is less extensible than another so it elongates less when pressurized. Such devices can provide the pure bending if the less extensible side is not extensible at all [11] or combine the elongation and bending for the materials that still are able to extend [14] . Another principle is bending due to the geometry of the device. In [12] an actuator is described that have an symmetrical crosssection that is affected by the actuation pressure equally in all the points and uses no special layers of less extensible material, but is initially curved. Its shape is designed to bend when pressurized.
Each actuation strategy has some advantages, i.e. the first principle allows to house multiple actuation channels in the same part of the robot and gives the robot more than one degree of freedom (DOF). Consequently not only the curvature, but also the the bending direction, twist and elongation can be controlled. The second method in turn allows the robot to exploit the whole actuator cross-section to generate the motion and thus makes it more effective. However, the bending pattern can not be controlled and is defined during the manufacturing process [13] .
The approach we propose in this paper combines those two methods in order to maximize the bending efficiency in the primary bending direction but introduce second degree of freedom for controlling the bending plane direction.
II. DESIGN A. The robot overview
The soft octopus robot is designed to swim in water and to be able to advance, turn and twist. For that reason the tentacles are internally connected and working in two independent groups. Each tentacle have two inner channels that enable it to bend in some range of directions. Symmetrical actuation of all the chambers of all the tentacles generates a coaxial thrust that pushes the robot forward. Actuation of one group only generates unsymmetrical thrust that pushes one side of the robot and consequently the robot turns. Providing pressure to one chamber per actuator causes them to bend to the side and this way affects the robot motion as well. Depending on the chosen pattern, one chamber actuation can result in rotational or twisting motion. Different actuation patterns have been presented in fig. 2 
B. The actuator design
The arm of the robot consists of two parts. The active part housing the actuator that generates the bending motion, and a passive part that follows the motion enforced by the active part. The active part is assumed to generate the arm motion only, and the passive part to generate the thrust. The design of the arm is presented in fig. 3 .
The construction of the actuator described in this paper is derived from actuation chambers used in STIFF-FLOP manipulator [7] . The bending mechanism is, however, inspired by the previous work made on soft compliant graspers and hands presented in [14] , [15] . In order to enable the assumed motion the actuator consists of two independent pressure chambers that tend to elongate when pressurized. The inner side of the actuator is covered with stiffer silicone. Due to mechanical properties, that layer elongates less than the rest of the actuator when pressurized resulting in bending. 
The actuation chambers are constrained by a reinforcement formed with polyester thread as a tight helix integrated into their walls. Such an reinforcement strategy does not interfere the elongation capabilities of the actuator while efficiently constrains any radial deformation such as ballooning. The actuator structure is presented in fig. 4 .
The inner layer of stiffer material enforces the bending motion of the device when a pressure is applied, however independent actuation of each pressure chamber influences the direction of bending plane. The chamber that is pressurized with higher pressure value tends to elongate more that the another one, thus pushes the corresponding side of the device towards the other side. The novel aspect of this actuator is that other bending actuators that provide bending plane control are usually deploying several actuation structures and the bending is resulting from unsymmetrical actuation. Since, in such case the bending motion requires some actuators to be actuated less than others, the overall actuation area is fairly limited [7] , [8] . The proposed actuator utilizes the whole actuation area to provide a bending, which results in high efficiency, while the bending plane still can be controlled by varying the pressure values in both sides of the actuator. The actuator response for different pressure inputs is presented in fig. 5 . 
III. MANUFACTURING
The actuator is made of silicone material cast in 3D-printed moulds produced with desktop 3D printer, Zortrax m200. The process consists of several stages as described below.
1)
Step I, reinforcement: As the initial step the reinforcement is formed. It is made of a polyester thread using a dedicated 3D printed conical core. Each actuator requires two separate reinforcement structures. The reinforcement is formed manually using cordless that helps to control pitch and tension of the thread, ??.
2)
Step IIa, external layer, soft side: The mould cores with the thread deployed are then inserted into an external mould and soft silicone is injected. Due to the mould design, only one half of the actuator gets covered with the silicone material while the another remains untouched. After the silicone cures the mould is open and the actuator is moved to another mould to create the missing part of the external layer.
3)
Step IIb, external layer, stiff side: When the mould is exchanged, stiffer silicone is injected in order to create the another half of the external layer. When it is cured, the mould is open and the cores are gently removed. Since the cores are conical they can be easily removed towards the wider end of the actuator. At that moment the external layer of the actuator is ready with the reinforcement structure attached to its internal side, fig. 6b .
4)
Step III, internal layer: The reinforcement structure is already attached to the actuator, however, it is still very fragile since it is not fully integrated with the silicone. Applying any pressure would make the silicone structure to extend radially and detach the thread from the silicone surface. For that reason the actuator requires another moulding step to fully integrate the thread from the silicone. For that reason a smaller semi-conical silicone structure is created using another set of moulds. That structure is then attached inside the reinforcement using the same kind of silicone fig. 6d .
5)
Step IV, closure: When the internal layer is attached, the body of the actuator is finished. For the last step the tip and the base of the actuator are sealed with stiffer material, the same used for the internal side of the actuator. In the bottom layer small wholes are created in order to attach small pressure pipes providing the actuation fluid.
IV. EXPERIMENTAL VERIFICATION AND RESULTS
The robustness of the proposed solution has been verified experimentally. For that purpose various versions of the actuator have been manufactured that includes the proposed actuator with two semi-conical chambers and stiffer internal layer ( fig. 7a ), an actuator with one actuation chamber only ( fig. 7b ) and actuator with two cylindrical chambers shifted towards the outer actuator's side (fig. 7c ). The actuator with single actuation chamber is expected to generate more bending and exert higher forces than the proposed one, since its actuation volume is bigger due to the volume taken for chambers separation in the proposed actuator. The drawback is that the bending direction in that case can not be controlled. The actuator with shifted chambers bends due to unsymmetrical actuation and for that reason the stiffer outer layer has been substituted with a layer of the same silicone as the rest of the actuator. This actuator enables the bending direction control based on the same principle as the proposed one, but due to significantly reduced actuation area is expected to exert less force and bending compared to other actuators. The actuators and their cross-sections are presented in fig. 7 . For the experiment a simple vision system has been used fig. 8a [12] . The actuation process of all the actuators has been recorded and using image processing the pressure value and the bending angle had been exerted form the video. The actuation in range from 0 to 0.4 bar had been repeated for each actuator for 6 times. The average actuation curves with statistical errors are presented in fig. 9 . For the force characterization the force value had been measured at the actuator tip using a 3d printed optical force sensor [16] , fig. 8b . The resulting plots are presented in fig. 10 . The measured deviation of bending plane direction for the proposed actuator is approximately ±28 degrees for pressure equal 0.4 bar applied to one chamber only.
V. DISCUSSION AND CONCLUSIONS
The experimental data shows that the most effective bending is provided by single DOF actuator, fig. 7b . It is due to the biggest possible actuation volume. The proposed actuator bends less for the same amount of pressure, as part of the actuation area is occupied by the wall in between the actuation chambers, fig. 7a . Such a wall introduces also additional material that is stretched during actuation process and limits the bending deformation even further. The lowest bending efficiency is provided by the unsymmetrical actuator geometry, fig. 7c , as in that case the actuation volume is the lowest while the amount of stretched material the biggest. For the same reason the unsymmetrical actuator generates less force than the other ones. The experimental verification shows that the proposed actuator provides an comparable efficiency with single DOF actuators in therms of generated force. The bending characteristics is slightly less effective than the one of single DOF actuator. In the same time it provides the second degree of freedom while overperforming unsymmetrical actuator that is capable of the similar kind of motion.
